Cobalt pyrochlore fluoride NaCaCo2F7 is a disordered frustrated magnet composed of Co 2+ ions with an effective spin-1 2 magnetic moment and exhibits spin freezing below T f ∼2.4 K. We perform ultrasound velocity measurements on a single crystal of the cubic NaCaCo2F7. The temperature dependence of the bulk modulus (the breathing elastic mode) exhibits Curie-type softening upon cooling below ∼20 K down to T f , which is suppressed by the magnetic field. This Curie-type softening should be a precursor to the enhancement of the strength of exchange disorder via the spin-lattice coupling, which causes the spin freezing. In contrast to the magnetic-field-suppressed Curie-type softening in the bulk modulus, the trigonal shear modulus exhibits softening with a characteristic minimum upon cooling, which is enhanced by the magnetic field at temperatures below ∼20 K. This magnetic-field-enhanced elastic anomaly in the trigonal shear modulus suggests a coupling of the lattice to the dynamical spin-cluster state. For NaCaCo2F7, the observed elastic anomalies reveal an occurrence of magnetic-field-induced crossover from an isostructural lattice instability toward the spin freezing to a trigonal lattice instability arising from the emergent dynamical spin-cluster state.
I. INTRODUCTION
The antiferromagnetic (AF) pyrochlore lattice of corner-sharing tetrahedra is a canonical geometrically frustrated lattice [ 1 ] . The prototypical examples for this lattice system are the spinel oxides with the general formula AB 2 O 4 and the pyrochlore oxides with A 2 B 2 O 7 , where, whereas only the B site of AB 2 O 4 forms the pyrochlore lattice, both the A and B sites of A 2 B 2 O 7 independently form the pyrochlore lattice. Many spinel and pyrochlore oxides studies have respectively been devoted to the 3d transition-metal and the 4f rare-earth oxides, where the intersite magnetic interaction in the 3d transition-metal oxide is stronger than that in the 4f rare-earth oxide [ 2, 3 ] .
The recently discovered pyrochlore fluorides NaSrB 2 F 7 (B = Mn, Fe, and Co) and NaCaB 2 F 7 (B = Fe, Co, and Ni) provide a new platform for the study of 3d transition-metal frustrated magnets, where the large single crystals are available for experimental studies [4] [5] [6] [7] . In this family, despite the AF Weiss temperature θ W ∼ −140 K (NaCaCo 2 F 7 ) to −73 K (NaCaFe 2 F 7 ), the spin freezing occurs at low temperatures below T f ∼ 2.4 K (NaCaCo 2 F 7 ) to 3.9 K (NaCaFe 2 F 7 ), indicating the presence of strong frustration with |θ W /T f | ∼ 19 to 58 [4] [5] [6] [7] . For NaSrB 2 F 7 and NaCaB 2 F 7 , whereas the magnetic B 2+ ions uniformly occupy the pyrochlore Bsites of the A 2 B 2 F 7 structure, the nonmagnetic Na + and Sr 2+ /Ca 2+ ions are randomly distributed on the pyrochlore A sites. Thus, the magnetism of NaSrB 2 F 7 and NaCaB 2 F 7 should be influenced by the inherently present exchange disorder, which can lead to spin freezing [8] [9] [10] [11] [12] ].
The cobalt pyrochlore fluoride NaCaCo 2 F 7 is a disor-dered frustrated magnet with θ W ∼ −140 K and T f ∼ 2.4 K, which has the largest |θ W /T f | ∼ 58 among the pyrochlore fluorides NaSrB 2 F 7 and NaCaB 2 F 7 [ 4 ] . For this compound, inelastic neutron scattering (INS) experiments revealed that the single ion ground state of Co 2+ is a Kramers doublet with an XY-like effective spin-1 2 magnetic moment, which is generated by spin-orbit coupling [ 13 ] . Furthermore, the INS experiments in NaCaCo 2 F 7 revealed the formation of static short-range AF clusters with XY character below T f , and the persistence of a dynamical spin-cluster state above T f [ 14, 15 ] . The presence of strong dynamic correlations above T f in NaCaCo 2 F 7 was also evidenced by NMR and ESR studies [ 16, 17 ]. Additionally, above T f , the ESR experiments suggested the coexistence of a gapless excitation mode of a cooperative paramagnetic state and a low-energy gapped excitation mode in the order of sub meV, arising from the strong frustration [ 17 ] .
In this paper, we present ultrasound velocity measurements of the cobalt pyrochlore fluoride NaCaCo 2 F 7 , where we determine the elastic moduli of this compound. The sound velocity or the elastic modulus is a useful probe enabling symmetry-resolved thermodynamic information to be extracted from a crystal [ 18 ] . Furthermore, as the ultrasound velocity can be measured with a high precision of ∼ppm, its measurements can sensitively probe elastic anomalies driven by phase transition, fluctuations, and excitations [ 18 ] . For the frustrated magnets, the ultrasound velocity measurements have proven to be a useful tool for studying not only the ground state but also the excited states [19] [20] [21] [22] [23] [24] [25] [26] ]. In the present study on NaCaCo 2 F 7 , we find two different types of elastic anomalies at low temperatures above T f , which reveal, respec-tively, an isostructural lattice instability toward the spin freezing at T f and a trigonal lattice instability arising from the emergent dynamical spin-cluster state. Additionally, the magnetic field dependence of the observed elastic anomalies reveals an occurrence of magnetic-fieldinduced crossover of the dominant lattice instability from isostructural to trigonal.
II. EXPERIMENTAL
Single crystals of NaCaCo 2 F 7 were prepared by the optical floating-zone method [ 4 ] . The ultrasound velocities were measured utilizing the phase-comparison technique, where the ultrasound velocity or the elastic modulus can be measured with a high precision of ∼ppm. For the measurements, the longitudinal and transverse ultrasounds at a frequency of 30 MHz were generated and detected by LiNbO 3 transducers attached on the parallel mirror surfaces of the single-crystalline sample. We measured the ultrasound velocities in all the symmetrically independent elastic moduli in the cubic crystal, specifically, compression modulus C 11 , tetragonal shear modulus C11−C12 2 ≡ C t , and trigonal shear modulus C 44 . From C 11 and C t data, we also obtained the bulk mod- Here it is evident that the softening magnitude in C B (T ) ( ∆CB CB ∼ 4300 ppm) is much larger than that in C t (T ) ( ∆Ct Ct ∼ 800 ppm) and C 44 (T ) ( ∆C44 C44 ∼ 120 ppm). ∼20 K and ∼15 K, respectively, but turn to hardening below ∼2.4 K. This softening-to-hardening turning temperature corresponds to the spin-freezing temperature T f ∼ 2.4 K determined from the dc/ac magnetic susceptibility and specific heat measurements, as indicated in Figs. 2(a) and 2(b) [ 4 ] . Thus, the softening-to-hardening turning at ∼2.4 K in C B (T ) and C t (T ) with H = 0 should be a result of the spin freezing, and the softening above ∼2.4 K should be its precursor. The application of H, as shown in Figs. 2(a) and 2(b) with the dotted arrows, suppresses the softening as well as the softeningto-hardening turning in C B (T ) and C t (T ), which should arise from the suppression of the spin-freezing behavior by H. At temperatures above ∼20 K, C B (T ) and C t (T ) are independent of magnetic field (not shown).
For NaCaCo 2 F 7 , taking into consideration that the magnitude of the softening at H = 0 in C B (T ) is much larger than that in C t (T ) and C 44 (T ) [ Fig. 1(d) ], the precursor softening to the spin freezing above T f should be characterized as a softening in the bulk modulus C B (T ). As seen in Fig. 2(a 
Eq. (1) Curie-type softening emerges as a precursor to a structural transition, which is driven by the coupling of the lattice to the electronic degrees of freedom [ 18, [21] [22] [23] 26, [28] [29] [30] ]. A mean-field expression of the Curie-type softening in the temperature dependence of the elastic modulus C Γ (T ) is given as
where C
Γ is the background elastic constant, T c is the second-order critical temperature for elastic softening C Γ → 0, and θ is the intersite strain-sensitive magnetic interaction. In Fig. 2(a) , a fit of the experimental C B (T ) with H = 0 to Eq. (1) for T > T f is drawn as a solid black curve, which, with the fit parameter values listed in this figure, excellently reproduces the experimental data.
For NaCaCo 2 F 7 , the INS experiments confirmed that the single-ion ground state of Co 2+ is a Kramers doublet with the effective spin-1 2 magnetic moment, which is generated by spin-orbit coupling [ 13 ] . Thus, one possible origin for the Curie-type softening in NaCaCo 2 F 7 is the Jahn-Teller effect, which is driven by the coupling of the lattice to the degenerate single-ion state (the quadrupolelattice coupling) [ 18 ] . In this scenario, the Curie-type softening is a precursor to the lowering of the lattice symmetry, which lifts the degeneracy of the single-ion ground state, and this precursor softening should occur in the symmetry-lowering elastic mode such as, in the cubic lattice, C t (T ) and C 44 (T ). Thus, as a possible origin for the Curie-type softening in the symmetry-conserving "breathing" elastic mode C B (T ) of NaCaCo 2 F 7 , the Jahn-Teller effect is ruled out.
Consequently, the Curie-type softening in NaCaCo 2 F 7 is most probably explained by assuming a coupling of ultrasound with the magnetic ions through the magnetoelastic coupling acting on the exchange interactions, where the exchange striction arises from an ultrasound modulation of the exchange interactions [ 18, 21, 24 ]. That is, the softening in NaCaCo 2 F 7 should be driven by the pseudospin-lattice coupling. One possible origin for such a softening is the so-called spin Jahn-Teller effect [ 21, [31] [32] [33] ]. In this scenario, the Curie-type softening is a precursor to the magnetostructural transition, where the spin-lattice coupling lowers the crystal symmetry resulting in the release of frustration [ 21 ] . Additionally, this precursor softening should occur in the symmetry-lowering elastic mode but not in the breathing elastic mode C B (T ), which is similar to the quadrupolar Jahn-Teller effect mentioned in the preceding paragraph. Thus, the Curie-type softening in the breathing elastic mode C B (T ) of NaCaCo 2 F 7 is uniquely different from the Curie-type softening originated from the spin Jahn-Teller effect.
For NaCaCo 2 F 7 , the observation of the Curie-type softening in the breathing elastic mode C B (T ) indicates the presence of an isostructural lattice instability, which is a precursor to the spin freezing. Taking into consideration the inherent presence of exchange disorder in NaCaCo 2 F 7 due to the random occupation of Na + and Ca 2+ on the pyrochlore A sites of the A 2 B 2 F 7 structure, the most natural explanation for the isostructural lattice instability is a precursor to the enhancement of the strength of exchange disorder via the spin-lattice coupling, which causes the spin freezing. Such a unique magnetoelastic effect in the disordered frustrated magnet is expected to occur in not only NaCaCo 2 F 7 but also other families of the disordered pyrochlore fluorides, namely, NaSrB 2 F 7 (B = Mn, Fe, and Co) and NaCaB 2 F 7 (B = Fe and Ni), which all exhibit spin freezing at a temperature T f much lower than the Weiss temperature |θ W |, |θ W /T f | ∼ 19 to 58 [4] [5] [6] [7] .
In addition to the above-mentioned Curie-type softening in C B (T ), for NaCaCo 2 F 7 , we also find another kind of intriguing elastic anomaly in the trigonal shear modulus C 44 (T ). At zero magnetic field, as already mentioned in conjunction with Fig. 1(d) , the magnitude of the softening in C 44 (T ) is much smaller than that in C B (T ). However, the application of H enormously enhances the softening in C 44 (T ). with H||[110] below 20 K. As shown in Fig. 3(a) , the softening in C 44 (T ) is enhanced by H below ∼20 K, which is opposite to the suppression of the softening by . This H-enhanced softening in C 44 (T ) should have an origin different from the precursor to the spin freezing that is the origin of the Hsuppressed softening in C B (T ). At temperatures above ∼20 K, C 44 (T ) is independent of magnetic field (not shown).
Here, we look more closely at the observed H variation of the softening in C 44 (T ). Figure 3 (b) presents the expanded view of C 44 (T ) with H = 0 and 1 T below 20 K. In Fig. 3(b) , whereas C 44 (T ) with H = 0 and that with 1 T identically harden upon cooling down to ∼12 K, the starting temperature of the softening in the 1 T C 44 (T ) is lowered compared to that in the zero-field C 44 (T ), which indicates the suppression of the softening by H [the dotted arrow in Fig. 3(b) ]. This H-suppressed softening component should correspond to a precursor to the spin freezing, namely, the Curie-type softening, which is similar to the softening in C B (T ) and C t (T ) [Figs. 2(a) and 2(b)]. However, in Fig. 3(b) , the softening in the 1 T C 44 (T ) below ∼7 K is steeper than that in the zero-field C 44 (T ), and the softening magnitude in the 1 T C 44 (T ) (∼140 ppm) is larger than that in the zero-field C 44 (T ) (∼120 ppm), which indicates the presence of the H-enhanced softening component. Thus, the comparison of the zero-field and 1 T C 44 (T ) in Fig.  3(b) indicates the presence of not only H-enhanced but also H-suppressed softening components in C 44 (T ), and the H-enhanced component should become dominant at higher H, as is seen in the 3 T, 5 T, and 7 T C 44 (T ) in Fig. 3(a) .
As seen in Fig. 3(b) , C 44 (T ) with H = 0 and 1 T exhibits its minimum at ∼3 K. The inset in Fig. 3(b) presents the expanded view of the zero-field and 1 T C 44 (T ) in 2 K < T < 5 K. The minimum point temperature in C 44 (T ) with H = 0 and that with 1 T are ∼2.9 K and ∼3.3 K, respectively, which are a little higher than the spin-freezing temperature T f ∼ 2.4 K [ Fig. 3(b) ]. Thus, the minimum in C 44 (T ) should be caused by an origin other than the spin freezing. At ∼2.4 K, C 44 (T ) with H = 0 and 1 T exhibits a small slope change [the solid and open arrows in the inset in Fig. 3(b) ], which should arise from the spin freezing. Consequently, the H-enhanced softening component in C 44 (T ) with H = 0 and 1 T should be characterized as a nonmonotonic softening, which exhibits the elasticity minimum at around ∼3 K. Additionally, we can see in Fig. 3(a) that this Henhanced component becomes dominant in the 3 T, 5 T, and 7 T C 44 (T ), where the minimum point temperature is lowered with increasing H.
Similar to the H-suppressed Curie-type softening in C B (T ), the H-enhanced softening with minimum elastic anomaly in C 44 (T ) should also arise via the exchange striction mechanism, but it should have an origin other than the precursor to the spin freezing. The most probable origin for the softening with minimum in C 44 (T ) is the coupling between the correlated paramagnetic state and the acoustic phonons. For NaCaCo 2 F 7 , the INS [ 14 ], NMR [ 16 ] , and ESR [ 17 ] studies revealed the presence of short-range dynamical magnetic correlations above T f ∼2.4 K. Additionally, the INS study also revealed that this correlated paramagnetic state consists of AF XY spin clusters, which become static below T f [ 13, 14 ] . Thus, the softening with minimum in C 44 (T ) should originate from the coupling of the lattice to the dynamical short-range XY clusters.
It is noted that, similar to NaCaCo 2 F 7 , the softening with minimum in C Γ (T ) is also observed in the frustrated spinel oxides, the origin of which is considered to be the coupling of the lattice to the spin-cluster excitations via the exchange striction mechanism [ 20, 21, [23] [24] [25] ]. This spincluster-driven elastic softening is generally explained as the presence of a finite gap for the excitations, which is sensitive to strain [ 21 ] . In the mean-field approximation, C Γ (T ) in the spin-cluster system is written as
where C (0) Γ is the background elastic constant, N is the density of spin clusters, G Γ = |∂∆/∂ǫ Γ | is the coupling constant for a single spin cluster measuring the strain (ǫ Γ ) dependence of the excitation gap ∆, K Γ is the interspin-cluster interaction, and χ Γ (T ) is the strain susceptibility of a single spin cluster. From Eq. (2), when C Γ (T ) strongly couples to the excited state at ∆, this elastic mode exhibits softening upon cooling roughly down to T ∼ ∆ but recovery of the elasticity (hardening) roughly below T ∼ ∆; C Γ (T ) exhibits a minimum roughly at T ∼ ∆.
We now analyze the softening with minimum in C 44 (T ) in NaCaCo 2 F 7 using Eq. (2). In the frustrated spinel oxides, the observation of the spin-cluster excitations by the INS experiments revealed that the number of magnetic ions, shape, and symmetry of spin clusters vary from compound to compound depending on the dominant exchange path [34] [35] [36] [37] [38] [39] [40] . For NaCaCo 2 F 7 , the INS study revealed that the correlation length of the dynamical short-range XY clusters in the paramagnetic phase (∼8Å) is larger than the length scale of the single Co 2+ tetrahedron (∼3.5Å) [ 14 ] . Additionally, the Q-space INS pattern in the paramagnetic phase of NaCaCo 2 F 7 looks like that of the AF seven-spin clusters (spin heptamers) proposed in the chromite spinel MgCr 2 O 4 with the isomorphic magnetic pyrochlore lattice as the Co 2+ sites in NaCaCo 2 F 7 [ 13, 14, 35, 36 ]. Thus, although the exact shape of the spin cluster in NaCaCo 2 F 7 has not yet been identified, we assume the AF spin heptamer for the analysis, which consists of two corner-sharing Co 2+ tetrahedra [the inset picture in Fig. 4(a) ]. We note here that, from the symmetry point of view, the spin-heptamer excitations should couple more sensitively to the trigonal lattice deformations, which is compatible with the selective observation of the softening with minimum in the trigonal shear modulus C 44 (T ) in the present study. Figure 4 (a) depicts the experimental data of C 44 (T ) with H||[110] in 2 K < T < 5 K [circles, from Fig. 3(a) ] and their fits to Eq. (2) assuming spin heptamer excitations with a singlet-triplet excitation gap ∆ [solid curves]. The parameter values for the fit curves in Fig.  4(a) are shown in Fig. 4(b) . For NaCaCo 2 F 7 , the density of the spin heptamers is assumed to be N = 2.03 × 10 27 m −3 [ Fig. 4(b)(i) ], which is one-seventh of the density of Co 2+ ions in NaCaCo 2 F 7 . The fittings are performed at temperatures below 5 K because, among the experimental data of C 44 (T ) with H||[110] [Figs. 3(a) and 3(b)], the lowest starting temperature of the softening is ∼7 K for the 1 T C 44 (T ) [ Fig. 3(b) ]. Whereas the lower limit of the temperature range of the fitting is 2 K for the 3 T, 5 T, and 7 T C 44 (T ), that for the zero-field and 1 T C 44 (T ) is the slope-change temperature of T f ∼ 2.4 K [the solid and open arrows in the inset figure in Fig.  4(a) ]. As clearly seen in Fig. 4(a) , the fits of Eq. (2) As seen in Fig. 4(b) (ii), the intra-heptamer coupling G is enhanced with increasing H, which corresponds to the enhancement of the softening magnitude in C 44 (T ) by H [ Fig. 3(a) ]. Accordingly, as seen in Fig. 4(b) (iii), the application of H also enhances the inter-heptamer antiferrodistortive interaction K (< 0). These H variations of G and K indicate that the application of H enhances the trigonal lattice instability, which is driven by the coupling of the lattice to the dynamical spin-cluster state. Here we note again that, in contrast to the H-enhanced trigonal lattice instability [ Fig. 3(a) ], the application of H suppresses the spin freezing and its precursor of the isostructural lattice instability, namely, the Curie-type softening in the breathing elastic mode C B (T ) [Fig. 2(a) ]. For NaCaCo 2 F 7 , the present study reveals an occurrence of H-induced crossover from an isostructural lattice instability toward the spin freezing to a trigonal lattice instability arising from the emergent dynamical spin-cluster state.
As seen in Fig. 4(b) (iv), the excitation gap of the single heptamer ∆ decreases with increasing H. From this H variation, assuming the H-linear decrease of ∆, it is expected that a continuous transition from the gapped ground state to the gapless state occurs at ∼19 T. On the other hand, assuming the isolated spin heptamers, it is expected from the gap value of ∆ ∼7 K at H = 0 [the dotted extrapolation line in Fig. 4 (b)(iv)] that the transition from the gapped ground state to the gapless state occurs at ∼5 T. Thus, the H dependence of ∆ shown in Fig. 4(b) (iv) indicates the presence of inter-heptamer interaction, which is compatible with the enhancement of the magnitude of K with increasing H [Fig. 4(b) 
The entire family of the disordered pyrochlore fluorides NaSrB 2 F 7 (B = Mn, Fe, and Co) and NaCaB 2 F 7 (B = Fe, Co, and Ni) exhibits spin freezing, which should be a result of the inherent presence of exchange disorder [4] [5] [6] [7] . However, as the single-ion state of the pyrochlore B 2+ site varies from compound to compound, the correlated magnetic state of NaSrB 2 F 7 and NaCaB 2 F 7 should vary from compound to compound. For instance, unlike the spin-1 2 XY magnet NaCaCo 2 F 7 , the nickel pyrochlore fluoride NaCaNi 2 F 7 is considered to be a spin-1 Heisenberg magnet and is suggested to be a three-dimensional quantum spin liquid candidate [ 41, 42 ]. Thus, for NaSrB 2 F 7 and NaCaB 2 F 7 , the bulk modulus C B (T ) of the entire family is expected to exhibit the Curie-type of precursor softening to spin freezing, but the elastic anomaly driven by the correlated magnetic state is expected to vary from compound to compound, which in the case of NaCaCo 2 F 7 is the softening with minimum in C 44 (T ).
IV. SUMMARY
Ultrasound velocity measurements of NaCaCo 2 F 7 revealed elastic anomalies in the bulk modulus C B (T ) and the trigonal shear modulus C 44 (T ), which are respectively suppressed and enhanced by the magnetic field at temperatures below ∼20 K. These anomalies indicated the occurrence of the magnetic-field-induced crossover from the isostructural to the trigonal lattice instability. The isostructural lattice instability indicated that the spin freezing in NaCaCo 2 F 7 is driven by the enhancement of the strength of exchange disorder via the spin-lattice coupling, which is unique to the disordered frustrated magnet. The trigonal lattice instability suggested the coupling of the lattice to the dynamical spincluster state. It is inferred from the present study that the isostructural lattice instability emerges in the entire family of disordered pyrochlore fluorides NaSrB 2 F 7 (B = Mn, Fe, and Co) and NaCaB 2 F 7 (B = Fe, Co, and Ni), which gives rise to the spin freezing. Furthermore, taking into consideration that the single-ion state of the pyrochlore B 2+ site in NaSrB 2 F 7 and NaCaB 2 F 7 varies from compound to compound, the correlated magnetic state of NaSrB 2 F 7 and NaCaB 2 F 7 should vary from compound to compound, which is expected to give rise to compound-dependent lattice instabilities. 
